1. Introduction {#sec0005}
===============

Erectile dysfunction (ED) is the inability to maintain penile erection for satisfactory sexual performance. Phosphodiesterase type-5 (PDE-5) is present in most vascular beds as well as cardiac myocytes [@bib0215], [@bib0065], [@bib0125]. PDE-5 inhibitors have been developed for treatment of erectile dysfunction through diminishing the degradation of cGMP [@bib0040], [@bib0190], [@bib0015]. PDE-5 inhibitors are sildenafil citrate (Viagra), tadalafil (Cialis) and vardenafil (Levitra). All over the world, these drugs have been used extensively in treatment of ED. It has been found that vardenafil increased intracavernosal pressure more quickly and to a greater extent than sildenafil in a rabbit model [@bib0205], [@bib0200]. In addition, vardenafil is more potent and selective biochemically toward ED than sildenafil. Tadalafil is effective for up to 36 h in men and has a long-acting inhibition on PDE-5 [@bib0080], [@bib0145].

There is a growing interest among researchers regarding the role of oxidative stress and reactive oxygen species (ROS) in the pathophysiological mechanism of ED [@bib0240], [@bib0075]. Oxidative stress occurs when there is an imbalance between prooxidants and the ability of the antioxidants to scavenge excess reactive oxygen species [@bib0265], [@bib0280]. However, its role in ED has not been investigated comprehensively. Previous study showed a significant association between the production of reactive oxygen species (ROS) and erectile dysfunction especially in diabetic animal models [@bib0135], [@bib0050]. It has been found that combined treatment of diabetic ED with PDE5 inhibitors and antioxidant agents are more effective than PDE5 inhibitors alone. Treatment of diabetic patients with ED with [l]{.smallcaps}-carnitine (an antioxidant) and sildenafil was found to reduce monocyte oxidative activity and the amount of endothelial dysfunction markers [@bib0175]. In addition, it has been found that Vitamin E enhanced the therapeutic effect of the PDE5 inhibitor supporting the potential use of oxygen free radical scavengers in salvaging erectile function in diabetic patients [@bib0070]. Moreover, combined treatment of diabetic patients with antioxidants plus sildenafil was found to improve the action of sildenafil which may be due to neutralization of reactive oxygen species [@bib0275]. In addition, Incubation of endothelial cells with sildenafil was found to attenuate the oxidant burden [@bib0165]. Moreover, vardenafil treatment was found to reduce DNA breakage and oxidative stress as well as increased the cGMP levels in the aortic wall [@bib0150].

Superoxide dismutase (SOD), an antioxidant enzyme, converts superoxide anion (O•^−^~2~) to hydrogen peroxide (H~2~O~2~) and molecular oxygen (O~2~) [@bib0130]. SOD is a promising therapeutic target for ED [@bib0075]. Also, sildenafil was found to reduce superoxide formation and increased levels of cGMP, cAMP and glutathione in corpus cavernosum of rabbits and in hypertensive rats [@bib0245]. In addition, chronic treatment of rats with sildenafil was found to restore the elevated biological markers of oxidative stress and cyclooxygenase derived vasoconstrictors to their normal levels [@bib0030]. ROS, formed during regular oxygen molecule metabolism primarily in the vascular endothelium, include H~2~O~2~ and peroxynitrite (OONO~2~). Increment in ROS level was found to inhibit SOD activity which consequently reduces the bioavailable NO concentration through induction of peroxynitrite level [@bib0105].

Recently, it has been found that oxidative stress plays an important role in ED which can be alleviated by antioxidant enzymes [@bib0160]. Therefore, the present study aimed at investigating the alterations in activities of superoxide dismutase and catalase as antioxidant enzymes as well as protein expression of glutathione peroxidase and glutathione *S*-transferase after treatment of rats with sildenafil, vardenafil and/or tadalafil.

2. Materials and methods {#sec0010}
========================

2.1. Chemicals {#sec0015}
--------------

Sildenafil, tadalafil, vardenafil pills manufactured by Pfizer Pharmaceutical Company, Lilly Corporation, Schering-Plough Corporation, USA, respectively, were obtained from local drug stores at Egypt. Sulfosalcylic acid, bis-(3-caboxy-4-nitrophenyl)-disulfide, 1-chloro-2, 4-dinitrobenzene and all other chemicals were purchased from Sigma Chemical Co., St. Louis, MO, USA. Monoclonal antibodies of glutathione *S*-transferase *π* and glutathione peroxidase were obtained from ABCAM, UK.

2.2. Animals {#sec0020}
------------

Fifty male Sprague--Dawely rats (weighing 100--120 gm) were obtained from the animal house of Faculty of Medicine, Alexandria University, Alexandria, Egypt. The rats were housed in standard cages where food and water were provided ad libitum. After a period of acclimation, animals were divided into four groups. The first group (11 rats) was used as control (C) and received ddH~2~O as vehicle. Thirteen rats in the second, third, and fourth group received an oral daily dose of sildenafil (1.48 mg/kg), tadalafil (0.285 mg/kg) and vardenafil (0.285 mg/kg) respectively, for three weeks. These doses have been chosen according to the manufacturers of these drugs. At the end of the experimental period, rats were anesthetized with diethyl ether and sacrificed by cervical decapitation. The thoracic cavity of rats was opened for whole body and liver tissues were removed. Also, fasting blood samples were collected in heparinized tubes and plasma samples were obtained after centrifugation at 4000 rpm for 20 min and stored at −80 °C until use.

2.3. Enzyme assessments {#sec0025}
-----------------------

At the designated time point, the thoracic cavity of rats was opened for whole body. Liver tissues were vigorously washed in an iced solution of 0.25 M sucrose, which contained 0.001 M EDTA, to avoid contamination from erythrocyte-containing enzymes. Liver tissues were homogenized in 3 vol (w/v) 0.1 M phosphate buffer, (pH 7.4) and centrifuged at 12000 × *g* for 20 min at 4 °C. Reduced glutathione level was estimated in the supernatant of liver tissue homogenate using sulfosalcylic acid for protein precipitation and bis-(3-caboxy-4-nitrophenyl)-disulfide for color development [@bib0170]. Glutathione reductase activity was assayed by monitoring the oxidation of NADPH at 340 nm using the method of James et al. [@bib0120]. A unit of enzyme activity represents 1 nmol of NADPH oxidized/min/mg protein. GST activity was determined according to the method of Lee et al. [@bib0155]. The conjugate of GSH with [l]{.smallcaps}-chloro-2, 4-dinitrobenzene (CDNB) was measured at 340 nm using a double beam spectrophotometer. A unit of enzyme activity is defined as the amount of enzyme that catalyses the formation of 1 mmol of CDNB conjugate/mg protein/min under the assay conditions. Calculations were made using a molar extinction coefficient of 9.6 mM^−1^ cm^−1^. The hepatic lipid peroxidation end product, malondialdehyde (MDA), was measured as thiobarbituric acid reactive substance (TBARS), according to the method of Tappel and Zalkin [@bib0260]. The color intensity of the reactants (MDA) was measured at 532 nm. An extinction coefficient of 156,000 M^−1^ cm^−1^ was used for the calculation.

2.4. Glutathione peroxidase {#sec0030}
---------------------------

Glutathione peroxidase enzyme activity (GPx; EC. 1.11.1.9) was assayed according to the method of Chiu et al. [@bib0060]. The reaction mixture (1 mL) containing 0.05 mL of the enzyme source, 0.05 M Tris--HCl buffer (pH 7.6), 1.5 mM GSH, and cumene hydroperoxide was incubated for 5 min at 37 °C. In another tube, the control sample was prepared without cumene hydroperoxides and incubated for 5 min at 37 °C. To both control and test samples, 1.0 mL of TCA (15%) were added, while 0.1 mL cumene hydroperoxide was added to the control only. Both tubes were incubated for 10 min at 37 °C and centrifuged at 3000 rpm for 20 min. Tris--HCL buffer (pH 8.9) and 1.5 mM DTNB were added to 1 mL supernatant for both sample and control. The optical density of the yellow color obtained was measured at 412 nm within 5 min. Result was expressed as U/gm tissue.

2.5. Superoxide dismutase activity {#sec0035}
----------------------------------

SOD activity was measured according to the method of Sun et al. [@bib0250]. Estimation of SOD activity was based on the generation of superoxide radicals produced by xanthine and xanthine oxidase, which react with nitroblue tetrazolium (NTB) to form formazan dye. Generated formazan dye was then measured spectrophotometrically at 560 nm. The degree of inhibition of this reaction was expressed as mM/min/ml plasma.

2.6. Catalase assay {#sec0040}
-------------------

Catalase (CAT) activity was determined by measuring the decrease in the absorbance of H~2~O~2~ solution decomposed by the enzyme [@bib0020]. The quantity of H~2~O~2~ decomposed over specified time was calculated using the molar absorbance coefficient. Absorbance was measured at wavelength 240 nm and catalase activity was expressed in IU/L plasma.

2.7. Western immunoblotting technique {#sec0045}
-------------------------------------

From pooled sample of each treatment, 20 μg of S-9 liver supernatant proteins were prepared and subjected to 10% SDS-polyacrylamide gel electrophoresis. Proteins were transblotted to Hybond-C nitrocellulose membranes (Amersham, UK). The membranes were stained by Ponceau to verify the transfer of comparable amounts of cellular protein. Nonspecific binding sites of the membranes were blocked by 5% Bovine Serum Albumin (BSA) for 1 h at 37 °C. The blots were then incubated with specific anti- rabbit primary antibodies against GST *π* isoenzyme and Gpx3, at a dilution of 1:1000 incubated overnight at room temperature, followed by a 2-h incubation period with anti- rabbit peroxidase-labelled secondary antibody at a dilution of 1:15000 at room temperature. Both GST *π* and glutathione peroxidase isozymes were visualized after binding with their specific monoclonal antibodies. Chemiluminescence signals were detected according to the manufacturer's instructions (Abcam, UK). The band intensity was measured using quantity one software program.

2.8. Histopathological examination of liver tissues {#sec0050}
---------------------------------------------------

The liver tissues were fixed with 2.5% glutaraldehyde in 0.1 M phosphate buffer for 24 h. Blocks of liver tissue were taken from the median lobe and prepared for embedding in glycol methacrylate (Historesin, Leica) using standard techniques. Subsequently, sections of 5 μm thicknesses were obtained and stained with Eosin and Hematoxylin dyes for microscopic assessment. The histological sections were examined under a light microscope using a 121 intersection grid placed at the ocular lens, coupled to a 100× objective. The hepatic parenchyma was classified as one of the following: hepatocyte cytoplasm or degenerative hepatocytes, central vein, portal space, and inflammatory infiltrate.

2.9. Statistical analysis {#sec0055}
-------------------------

Means and standard errors of each treatment were calculated and compared by a Student's *t*-test. The level of all significances for all experiments was set at *P *\< 0.05.

3. Results {#sec0060}
==========

The present study showed that MDA levels were significantly decreased by 28, 36 and 23% after treatment of rats with tadalafil, vardenafil, and sildenafil, respectively ([Table 1](#tbl0005){ref-type="table"}). On the other hand, vardenafil and sildenafil significantly increased the activity of superoxide dismutase (SOD) by 35, 17% and catalase by 56, 32%, respectively ([Table 1](#tbl0005){ref-type="table"}). Tadalafil treatment did not change SOD activity and increased catalase by 47%. The activity of GR and GSH levels were markedly decreased after treatment of rats with tadalafil, vardenafil, and sildenafil by 22, 51, 38 and 23, 51, and 36%, respectively ([Table 1](#tbl0005){ref-type="table"}). There are different isozymes of GST and their total activities did not change after treatment of rats with either tadalafil or sildenafil, whereas vardenafil induced such activity by 25% ([Table 1](#tbl0005){ref-type="table"}). GST *π* is one of these isozymes and its protein expression was potentially decreased after treatment of rats with either vardenafil or sildenafil treatments, whereas tadalafil did not change such expression ([Fig. 1](#fig0005){ref-type="fig"}A). The activity of glutathione peroxidase (GP~X~) and its protein expression were inhibited after treatment of rats with either tadalafil or sildenafil whereas vardenafil induced such activity and expression ([Table 1](#tbl0005){ref-type="table"} and [Fig. 1](#fig0005){ref-type="fig"}B). The histopathological examination showed that sildenafil citrate and vardenafil caused inflammation and fibrosis in tissues of rat livers ([Fig. 2](#fig0010){ref-type="fig"}D and C), whereas tadalafil did not cause any changes ([Fig. 2](#fig0010){ref-type="fig"}B).Fig. 1Western immunoblotting analysis showed the influence of tadalafil, vardenafil, and sildenafil on the protein expression of (A) Glutathione *S*-transferase *π* isozyme, (B) Glutathione peroxidase (GPx3 isozyme). In both figures A and B, Lanes 1--4 represented the pooled proteins of matched control, tadalafil, vardenafil, and sildenafil-treated rats, respectively. The band intensity was measured using Quantity one software program.Fig. 2Histopathological examination showed moderate inflammation and marked fibrosis in the liver tissues of male rats after treatment with vardenafil and sildenafil with no changes in the liver of tadalafil-treated rats.Table 1Changes in the activity of antioxidant enzymes and free radical levels after treatment of rats with a daily dose of tadalafil, vardenafil and/or sildenafil for consecutive three weeks.EnzymesControlTadalafilVardenafilSildenafilGST (Unit /mg protein)0.79 ± 0.0150.79 ± 0.020.60 ± 0.0170.74 ± 0.013(NS)(−25%, *P *\< 0.05)[\*\*](#tblfn0010){ref-type="table-fn"}(NS)Glutathione reductase (nM oxidized NADPH/mg protein/min)95.6 ± 2.6775.0 ± 3.3646.0 ± 2.159.7 ± 1.57(−22%, *P *\< 0.001)[\*](#tblfn0005){ref-type="table-fn"}(−51%, *P *\< 0.001)[\*](#tblfn0005){ref-type="table-fn"}(−38%, *P *\< 0.001)[\*](#tblfn0005){ref-type="table-fn"}Glutathione peroxidase\
(IU/g tissue)34.2 ± 2.221.9 ± 3.242.7 ± 3.024.6 ± 3.1(−36%, *P *\< 0.05)[\*\*](#tblfn0010){ref-type="table-fn"}(+25%, *P* \< 0.05)[\*\*](#tblfn0010){ref-type="table-fn"}(−28%, *P *\< 0.05)[\*\*](#tblfn0010){ref-type="table-fn"}Glutathione (μM GSH/g liver)2.1 ± 0.131.65 ± 0.091.03 ± 0.041.36 ± 0.02(−23%, *P *\< 0.001)[\*](#tblfn0005){ref-type="table-fn"}(−51%, *P *\< 0.001)[\*](#tblfn0005){ref-type="table-fn"}(−36%, *P *\< 0.001)[\*](#tblfn0005){ref-type="table-fn"}TBARS (μM/g liver)16.1 ± 0.4811.6 ± 0.2910.3 ± 0.3812.36 ± 0.11(−28%, *P* \< 0.001)[\*](#tblfn0005){ref-type="table-fn"}(−36%, *P *\< 0.001)[\*](#tblfn0005){ref-type="table-fn"}(−23%, *P *\< 0.001)[\*](#tblfn0005){ref-type="table-fn"}Catalase activity\
(IUnit/L)168.9 ± 0.8247.0 ± 3.4269.1 ± 4.73223.0 ± 0.9(+47%, *P* \< 0.001)[\*](#tblfn0005){ref-type="table-fn"}(+56%, *P *\< 0.001)[\*](#tblfn0005){ref-type="table-fn"}(+32%, *P *\< 0.001)[\*](#tblfn0005){ref-type="table-fn"}SOD activity (mM/min/mL)2.5 ± 0.0392.7 ± 0.203.5 ± 0.122.9 ± 0.09(NS)(+35%, *P* \< 0.001)[\*](#tblfn0005){ref-type="table-fn"}(+17%, *P* \< 0.05)[\*\*](#tblfn0010){ref-type="table-fn"}[^1][^2][^3][^4]

4. Discussion {#sec0065}
=============

The role of oxidative stress and reactive oxygen species in the pathophysiological mechanisms of some diseases have been extensively studied [@bib0005], [@bib0115]. Quenching of free radicals by EDD could sustain the bioavailability of NO for vasodilatation which might be a new possible mechanism of actions of ED medications since most cases of erectile dysfunction (ED) are associated with oxidative stress [@bib0285], [@bib0230], [@bib0195]. Induction of SOD and CAT activities might be a defence mechanism to protect the cell against oxidative insult resulted from high levels of free radicals [@bib0185], [@bib0045], [@bib0035]. Previous study showed that sildenafil reduced malondialdyhyde (MDA) levels and increased the activity of antioxidant enzymes in rats [@bib0025]. In agreement with this finding, MDA levels were significantly decreased after treatment of rats with tadalafil, vardenafil, and sildenafil. Decrement in MDA levels might be due to induction of superoxide dismutase and catalase activities since tadalafil, vardenafil and sildenafil significantly increased the activities of these enzymes. In agreement with our finding, sildenafil depresses hydrogen peroxide generation by inducing the activity of superoxide dismutase (SOD)-mimetic by preventing reactive oxygen species (ROS) generation [@bib0110], [@bib0090]. Also, it has been found that sildenafil improved the antioxidants concentrations and reduced oxidative stress in patients [@bib0085]. Moreover, it has been found that tadalafil was more effective than sildenafil because it increased SOD activity in rats [@bib0220], [@bib0180] and decreased MDA levels in their cavernous tissues [@bib0055]. In addition, it has been found that tadalafil is not only a PDE5 inhibitor, but also act as an effective antioxidant agent for the penis and also inhibits the production of lipid peroxidation via inhibition of nicotinamide adenine dinucleotide phosphate (NADPH) oxidase activity which in turn reduces superoxide anion formation [@bib0220], [@bib0140].

Glutathione reductase and glutathione play an important role in scavenging of free radicals [@bib0010], [@bib0210], [@bib0235]. The reduced form of glutathione (GSH) is the most important cellular antioxidant and is also an essential cofactor for nitric oxide (NO) synthase that synthesizes NO from [l]{.smallcaps}-arginine [@bib0095]. Therefore, GSH depletion could lead to reduction of NO synthesis, and consequently impairs vasodilation in the corpora cavernosa [@bib0255]. In the present study, the activity of GR and GSH levels were markedly decreased in liver tissues after treatment of rats with sildenafil, vardenafil and tadalafil. In accordance with the present study, it has been found that sildenafil reduced GSH levels in both prostate and brain tissues of rat [@bib0270], [@bib0100] and in red blood cell of human [@bib0255]. It has been proposed that the total GSH level is partially dependent on the reduction of the oxidized form of glutathione (GSSG) to the reduced form (GSH) by glutathione reductase [@bib0225]. It seems that there are different sources of GSH pool such as GSH synthase and *γ*-gluatamyltranspeptidase because the activity of glutathione reductase is markedly inhibited after the treatment of rats with ED drugs.

It seems from the present study and others that changes in glutathione peroxidase activity is dependent on animal species since sildenafil did not change glutathione peroxidase activity in human erythrocyte [@bib0185]. However, glutathione peroxidase (GP~X~) activity and its protein expression were inhibited after treatment of rats with either tadalafil or sildenafil whereas vardenafil induced such activity and expression of its protein. Therefore, inhibition of glutathione peroxidase, glutathione reductase activities, and depletion of glutathione levels may enhance liver toxicity. Supporting this finding, the histopathological examination showed that sildenafil citrate caused inflammation and fibrosis in rat liver tissues, whereas tadalafil did not cause any changes. Therefore, inhibition of GST *π* expression after treatment of rats with either sildenafil or vardenafil might be due to inflammation and fibrosis caused by these drugs. This inhibition might potentiate liver toxicity and probably other organs since GST *π* isozyme plays a significant role in the protection of liver against toxicity induced by a wide variety of toxic compounds [@bib0235].

It is concluded that ED drugs decreased free radical levels and increased the antioxidant capacity by increasing SOD and CAT activities, which can attenuate the oxidative stress resulted from many endogenous sources. This attenuation might be a new possible mechanism that can be added to EDDs beside their action as PDEIs.

Appendix A. Supplementary data {#sec0075}
==============================

The following are Supplementary data to this article:
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[^1]: Values are expressed as Mean ± SEM.

[^2]: NS: values are not significant statistically compared to the control group where *P *\> 0.05.

[^3]: Values are significantly different compared to control group where *P *\< 0.05.

[^4]: Values are significantly different compared to control group where *P *\< 0.001.
